An i.v. bolus and concomitant infusion of pancuronium is proposed for use in prolonged anaesthesia. Plasma concentrations of pancuronium were measured in 16 patients receiving this regime. The desired steady-state concentration of 0.2 fig ml" 1 was achieved in most instances at approximately 45 min. Following the bolus, the neuromuscular twitch response decreased to low values or was abolished completely. Thereafter the response remained relatively constant or increased in intensity consistent with the mean steady-state plasma concentrations of 0.214 y.g ml" 1 (SEM 0.012) maintained by the infusion. When the infusion was stopped, the mean twitch height was 23% of control and increased thereafter at approximately 1 % per min, while plasma concentrations decreased by half in 69 min. One patient with renal artery stenoses exhibited complete neuromuscular blockade at a steady-state plasma concentration of 0.29 (zgml" 1 ; following cessation of infusion the twitch response was detected after 30 min (plasma concentration 0.20 (ig ml"" 1 ) and recovery was uneventful. Plasma clearance and apparent volume of distribution of pancuronium used to calculate the dosage regime were found not to differ significantly from those reported for a single dose. Following cessation of infusion, plasma concentrations declined in either a mono-or bi-exponential form depending on the ratio of the hybrid disposition rate constants (P/a). In all instances a twocompartment open model was used to describe the time course of the plasma concentrations.
The continuous administration of a non-depolarizing muscle relaxant to produce sustained neuromuscular blockade was employed first by Evans and Spencer Gray (1953) . Following an initial, rapid infusion of gallamine, a slower infusion at the rate of 1 mg min" 1 was used, and the effects on abdominal muscular relaxation and spontaneous ventilation were observed. Ryan (1964) employed a similar procedure for tubocurarine, based on the rate of disappearance and accumulation of the drug in anaesthetized man. Following an initial bolus dose (usually 15 mg) of tubocurarine, neuromuscular blockade was maintained by a constant infusion at a rate equivalent to the bolus dose per hour. By clinical assessment, the rate of infusion "remained remarkably constant in the majority of cases", although a few patients required a reduction in infusion rate during the 3rd and 4th hours. Miller and Eger (1976) determined the potency ratios of tubocurarine and pancuronium. Following a bolus dose, a continuously changing rate of infusion was administered to produce a constant 90% reduction of twitch tension. Plasma concentrations of drug(s) were not measured. For their study, calcula-tions were based on differences in the amount administered over different periods during the infusion of each relaxant. From the difference in potency ratios based on dose requirements for the first and last 30-min periods of observation, it was concluded that potency values determined by single injection techniques did not describe adequately the relative requirements for sustained neuromuscular block.
A single i.v. dose has been used to examine the pharmacokinetics of pancuronium bromide McLeod, Watson and Rawlins, 1976; Somogyi, Shanks and Triggs, 1976) . In each case a multicompartment open model was used. It was noted by Somogyi, Shanks and Triggs (1976) that the mean plasma concentration of pancuronium, following recovery to 80% neuromuscular block, was 0.169 |xg ml"
1 . With the assumption that a constant plasma concentration of pancuronium would produce a constant degree of neuromuscular block, we devised a drug dosage regime to produce such a situation. A desired plasma concentration of 0.2 \ig ml" 1 of pancuronium was used in the calculation of the dosage, as this usually would produce neuromuscular blockade of more than 90% (Somogyi, Shanks and Triggs, 1976) . This paper presents the clinical findings of a study in which a technique involving a bolus and an infusion of pancuronium was investigated to determine if a steady-state plasma concentration of pancuronium bromide could be achieved in patients undergoing prolonged surgery. The pharmacokinetic calculations used were based on previous observations (Somogyi, Shanks and Triggs, 1976) .
METHODS

Calculation of the doses of drugs
The method used to determine the size of the bolus and infusion doses was that of Mitenko and Ogilvie (1972) , for a drug obeying multi-compartment kinetics whereby 
where F d/3 represents the apparent volume of distribution of the drug, C/ p the plasma clearance and C ss the desired steady-state drug concentration in plasma.
The decline in plasma concentrations of pancuronium following a single i.v. dose has been described by a multi-exponential equation (McLeod, Watson and Rawlins, 1976; Somogyi, Shanks and Triggs, 1976) . Both groups of workers adopted a two-compartment open model. When the model has been defined adequately the plasma clearance may be determined from the product of the apparent volume of distribution (F (lfJ ) and the slope of the log-linear terminal phase ((3). Consequently, the relationship between the bolus dose and the infusion is
It was shown recently in man (Somogyi, Shanks and Triggs, 1976 ) that, at the first sign of recovery from neuromuscular blockade (99% paralysis) following a 6-mg dose of pancuronium, the mean plasma concentration was 0.218 (i.g ml" 1 , and at 80% paralysis the concentration was 0. 169 fig ml" 1 . A drug concentration (C ss ) of 0.20 \ig ml" 1 was selected for the present study, on the grounds that this would produce sufficient neuromuscular blockade for surgical requirements (Katz, 1971; Ali and Savarese, 1976) . Further data from additional patients allowed slight modification of the pharmacokinetic parameters, so that the eventual values calculated to achieve the selected drug concentrations from equations (1) As an example, for a 70-kg patient the bolus dose required would be 4.37 mg and the infusion rate 24.5 g min" 1 . To determine the time at which a steadystate concentration of pancuronium would be reached using the proposed bolus/infusion regime, computer simulations were performed based on the averaged data. It was found that a plasma concentration within 10% of the desired steady-state concentration should be attained after approximately 45 min, within 5% at 60 min and within 1 % at 75 min.
Details of the technique of pharmacokinetic analysis of the data obtained are shown in the Appendix.
Patients
Sixteen adult patients (table I) without renal or hepatic disease (except one patient who had renal artery stenoses) were studied during elective surgery for intra-abdominal or arterial vascular disease, or both. None of the patients received antibiotics or other agents known to affect neuromuscular transmission.
Premedication comprised a combination of a narcotic analgesic and atropine or hyoscine. Anaesthesia was induced with thiopentone i.v. and maintained with a combination of halothane 0.5% and nitrous oxide. Body core and peripheral temperatures were maintained by surface insulation and fluid losses were replaced by i.v. electrolyte solutions.
Neuromuscular response
The evoked twitch response was monitored by measurement of the contraction of the ring finger, using a Devices linear force displacement transducer, and displayed on a chart recorder. Immediately following induction of anaesthesia, subcutaneous needle electrodes were placed at the elbow and a supramaximal stimulus was applied at a rate of 0.2 Hz from a Burroughs Wellcome stimulator. Not less than 20 min later, after a stable control twitch height had been recorded, pancuronium was administered.
Dosage of pancuronium
Each patient was given an initial i.v. bolus dose of pancuronium of approximately 62.5 (ig kg" 1 and a constant infusion of the drug at a rate of approximately 0.35 (Ag kg" 1 min" 1 . The infusion comprised 100 ml of normal saline containing 5 mg of pancuronium. For five patients the rate of infusion was 
Blood collection and analysis
Venous blood samples were obtained from each patient just before pancuronium was administered (blank), then at 5, 10, 15, 20, 30 and 45 min and thereafter every 20-30 min during the infusion period. When the infusion was terminated, blood samples were taken where possible at 10, 20, 30, 45, 60, 90 and 120 min after infusion. The samples were centrifuged and the plasma frozen and stored before analysis.
Pancuronium in plasma was measured by the spectrofluorimetric method of Kersten, Meijer and Agoston (1973) , using a Perkin-Elmer model 204 spectrofluorimeter.
RESULTS
The mean total dose of pancuronium administered was less than 6.5 mg (approximately 0.1 mgkg" 1 ) (table I) .
The evoked twitch response decreased to low values within a few minutes following administration of the bolus dose and in more than half the group it was totally abolished. In most patients the twitch response could be observed during the latter part of the infusion; it usually remained constant or increased very slowly in height so that at the cessation of infusion the average twitch height was 23% of the control height. The maintenance of an adequate intensity of neuromuscular blockade was associated with a plateau in the plasma concentration of pancuronium (table II and fig. 1 ). The time required for plasma concentrations to decrease by one-half their original value from when the infusion ceased was examined. In the 16 patients the mean half-life was found to be 69 min (SD 17 min). When the infusion of pancuronium was terminated the twitch tension increased rapidly at a mean rate of about 1% per min. However, the termination of surgery seldom permitted measurements to continue beyond 40% recovery of the control value. Antagonism of residual neuromuscular blockade with neostigmine was uneventful in all the patients. A typical example is shown in figure 2. This patient (No. 6) received a bolus dose of pancuronium 3.3 mg together with an infusion of 18.6 ^g min" 1 for 120 min. Complete neuromuscular blockade resulted initially and the twitch response returned 20 min after administration had commenced. For the last 70 min of the infusion period the twitch increased from 10 to 16% and plasma concentrations of pancuronium remained fairly constant. However, as soon as the infusion ceased, the plasma concentration decreased rapidly and the twitch height increased at a rapid rate, so that 40 min after the cessation of infusion the twitch height had increased from 16 to 90% of control.
To obtain a plateau value, mean plasma concentrations of pancuronium were calculated for each patient from the values found between 45 min and cessation of infusion (table II) . For the five patients who had the drug infused by paediatric microdrip there were larger fluctuations in the plasma concentrations, but the mean value for these five patients during that interval was 0.250 [xg ml" pump, the average plasma concentration for the same period of time was 0.195 [xg ml" 1 (SEM 0.011 f/g ml" 1 ), giving a combined mean plasma concentration of pancuronium of 0.214 (igml-1 (SEM 0.012 \xg ml-1 ). One patient (no. 15) had renal artery stenoses and consequently was not included in the mean data presented above. Figure 3 shows the pancuronium concentrations of this patient. The observed mean plasma concentration from 45 to 296 min (end of infusion) was 0.29 ^g ml" 1 (SD 0.04 ng ml" 1 ); these high values were a result of the fact that the patient was clearing the drug at less than two-thirds of the rate of the other patients. Consequently, the steadystate plasma concentration should be one-and-a-half times that desired (0.30 jxg ml-1 ) which is in good agreement with the observed data. Although the twitch response for this patient was abolished completely during the infusion, the twitch did return after 30 min following infusion (plasma concentration 0. 20 fig ml" 1 ) and increased in the usual manner. At the opposite extreme, patients 10, 12, 13 and 16 had twitch responses which exceeded 30% of the control height at the end of the infusion. However, this did not appear to produce relaxation which was inadequate for surgery. The steady-state concentrations which were achieved in these patients were 0.16, 0.20, 0.21 and 0.12 pig ml" 1 respectively. For each patient the two parameters, plasma clearance (C/ p ) and apparent volume of distribution (F d/3 ), were determined (table III) . When plasma clearance was calculated, both by division of the total dose administered by the area under the plasma concentration-time curve (as measured using the trapezoidal rule extrapolated to infinite time), and also from the computer estimates of the iterated parameters using the relationship C/ p = <*p F c /k21, no significant differences were noted between the two methods. The apparent volume of distribution was determined from C/ p and p (V if3 = C7 p /p).
The two-compartment characteristics of pancuronium were examined by means of the ratio shown in the Appendix. Values for this ratio ranged from 0.03 which was visually a mono-exponential decrease in pancuronium plasma concentrations, to 0.46, when a bi-exponential decrease was obvious. This does not imply that the handling of pancuronium by some patients may be equated to a one-compartment model and others to a two-compartment model, for the ratio p/k el (see table IV) indicates the two-compartment behaviour of pancuronium. The smaller the value of this ratio the greater is the amount of pancuronium in compartment 2 compared with the amount in compartment 1. Conversely, a value of 1.0 would indicate one-compartment behaviour. This ratio ranged from 0.14 to 0.61 (table IV) , and in the seven patients studied previously it was between 0.19 and 0.49. Therefore all the patients studied had plasma concentrations of pancuronium which should be interpreted according to a two-compartment open model.
DISCUSSION
A continuous infusion of pancuronium may be adjusted to provide a constant intensity of neuromuscular blockade (Miller and Eger, 1976) . In contrast with this approach we selected a plasma pancuronium concentration (0.2 ag ml" 1 ) which was likely to provide adequate relaxation for surgery, and attempted to achieve this using calculations made from pharmacokinetic data. Our technique of administration of pancuronium (bolus plus infusion) provided clinically adequate neuromuscular blockade, despite the effects of anaesthesia and surgery. As the technique of dosage was derived from averaged data, there were patients for whom the dosage administered was inaccurate, usually producing a suboptimal depression of the twitch response. The decision to terminate the infusion was simplified by observation of the twitch response. If the response was detectable, then after cessation of infusion the twitch increased in height at the rate of approximately 1 % per min. This rate of recovery is similar to that reported after a bolus dose of pancuronium 0.08 mg kg" 1 (Katz, 1971) , where relaxation was usually considered satisfactory when the twitch response was less than 25% of control. Katz (1971) also noted that the point in recovery from a neuromuscular block at which antagonism is initiated is a far more important determinant of neostigmine requirement than is the dose of neuromuscular blocking drug administered.
The effects of the regime produced an excessive dosage of the drug in one patient with an abnormal renal haemodynamic state ( fig. 3 ). This type of response suggests that monitoring of neuromuscular transmission is necessary. Simple visual observation of the intensity of the evoked twitch response would allow gross deviations from normal to be detected and the rate of infusion to be modified. Similarly, patient 16 received an inadequate dose and this could have been modified.
The mean total dose of pancuronium administered to the patients was approximately 0.1 mg kg" 1 , for an average infusion period in excess of 100 min (table I) . When a dose of 0.1 mg kg" 1 was administered as a single i.v. bolus, the time reported for the first return of twitch was 60 min, and the time lapse before there was a clinical need for a supplementary dose of pancuronium was about 80 min (Vaughan and Cobb, 1974) . However, the technique of continuous infusion would appear to offer a means of achieving uninterrupted neuromuscular blockade.
The main object of our study was to achieve a steady-state concentration of pancuronium, chosen to produce adequate muscle relaxation for intraabdominal surgery. The actual intensity of the neuromuscular blockade would have been influenced by the presence of halothane (Miller et al., 1972) , and this is one of the factors which precludes a clear-cut assessment of the relationship between peripheral nerve twitch response and abdominal muscle relaxation.
In conclusion, the bolus and infusion technique recommended consists of an initial i.v. bolus dose of pancuronium 62.5 jxg kg" 1 , together with a constant infusion at the rate of 0.35 fi.g kg" 1 min" 1 . This regime produced and maintained a predictable concentration of pancuronium in the normal population examined ( fig. 1 ), but cannot be used inflexibly. An inadequate bolus dose will not produce sufficiently high concentrations for surgical relaxation, nor will a slower infusion rate maintain them. Conversely, an excessive dose of pancuronium administered by bolus and infusion will produce and maintain large plasma concentrations, with consequent profound paralysis. It should be emphasized that the dose regime is empirical and is based on data for pancuronium concentrations in normal patients. Any disease state, such as renal failure or biliary obstruction, which has been found to alter the rate of clearance of pancuronium (McLeod, Watson and Rawlins, 1976; Somogyi, Shanks and Triggs, 1977a, b) will invalidate this dose regime. The use of this regime should be accompanied always by assessment of neuromuscular transmission.
APPENDIX
Pharmacokinetic analysis
The decrease in plasma concentrations (C) of pancuronium with time (r) following an i.v. bolus dose can be described by the following bi-exponential equation:
B(a-k21) (1) This equation is consistent with a two-compartment open model, where B represents the bolus dose, V c the apparent volume of distribution of the sampling (plasma) compartment, k21 the first-order transfer rate constant of drug between compartments 2 and 1, and a and p are hybrid disposition rate constants.
When the drug is administered as a zero-order (constant rate) in infusion, plasma concentration during the time of infusion can be described by:
When the infusion ceases the decrease in plasma concentration can be described by:
where I represents the infusion rate (amount/time) and T is the time when the infusion ceases. Therefore, following a bolus dose and constant infusion for a specified period of time, the entire plasma concentration-time relationship can be described. From zero time to when the infusion ceases (7"), plasma concentrations can be described by the summation of equations (1) and (2), and after infusion by equations (1) and (3). Therefore, for each patient's set of plasma concentration-time data, the four parameters a, 3, k21 and 1/K C were iterated using the computer program NONLIN (Metzler, 1969) and a non-linear least-squares fit obtained. All plasma concentrations were weighted appropriately according to the reciprocal of the square of their value standardized to the number of data points. Computer fitting and simulations (based on average data) were performed on a CDC CYBER 72 computing system. The two tailed Student t test was used for comparison of group means. Following attainment of a steady-state concentration of pancuronium in the body, when the infusion ceases drug concentrations decrease in the usual bi-exponential manner. However, the ability to distinguish the two-compartment characteristics of pancuronium will be decreased. The twocompartment characteristics of a drug administered as an i.v. bolus can be determined from the zero-time intercepts A and B. As the ration A/B or ^--M becomes smaller (A approaches zero) a monoexponential decrease in plasma concentrations will be observed, that is the model becomes a one-compartment open model. Following infusion to steady state the analogous ratio becomes A/B. The ratio p/a will always be smaller than A\B since, by definition, | 3 will always be less than a (Gibaldi and Perrier, 1975) . Assuming AjB to be similar in all patients, the ratio P/a was determined for each patient and is shown in table IV.
COMBINAISON D'INFUSION ET DE BOL INTRAVEINEUX DE BROMURE DE PANCURONIUM
RESUME
On propose dans cet article un bol intraveineux et line infusion concomitante de pancuronium pour utilisation au cours d'une anesthesie prolongee. On a mesure sur 16 malades soumis a ce regime les concentrations de pancuronium dans le plasma et on a obtenu dans la plupart des cas la concentration d'equilibre cinetique desiree de 0,2 jig ml" 1 en 45 min. Apres le bol, la reaction de la crispation neuromusculaire a baisse a des valeurs tres faibles ou a mane completement disparu. Apres cela, la reaction est restee relativement constante ou a augmente en intensite en fonction des concentrations moyennes d'equilibre cinetique dans le plasma de 0,214 ng ml" 1 (ecart type des moyennes 0,012) maintenues par Pinfusion. Lorsqu'on a arrete 1'infusion, la hauteur moyenne de la crispation etait de 23% de la valeur temoin et elle a augmente a partir de ce moment la au rythme d'eviron 1% par minute, alors que les concentrations dans le plasma diminuaient de moitie en 69 minutes. Un malade souffrant de stenoses de 1'artere renale a ete atteint d'un blocage neuromusculaire total a une concentration d'equilibre cinetique dans le plasma de 0,29 |xg ml" 1 ; apres cessation de 1'infusion, la reaction a la crispation a ete decelee 30 min plus tard (concentration de 0,20 |xg ml" 1 dans le plasma) et la recuperation s'est operee sans incident. On a trouve que le coefficient dans le plasma, et le volume apparent de repartition du pancuronium utilise pour calculer le regime de dosage ne difFeraient pas sensiblement de ceux signales pour une dose unique. Apres la cessation de 1'infusion, les concentrations dans le plasma ont baisse soit sous la forme monoexponentielle, soit sous la forme biexponentielle, ceci etant fonction du rapport des constantes (|3/a) du taux de disposition hybride. Dans tous les cas, on a utilise un modele ouvert a deux compartiments pour decrire le temps qu'il a fallu pour les concentrations dans le plasma. 
KOMBINATION EINER INTRAVENOSEN
SUMARIO
Se propone emplear un bolo i.v. e infusion concomitante de pancuronio para aplicar en la anestesia prolongada. Se midieron las concentraciones de plasma de pancuronio en 16 pacientes sometidos a este regimen. Se obruvo la concentracion en estado estable de 0,2 jig ml" 1 en la mayoria de los casos al cabo de aproximadamente 45 min. Siguiendo el bolo, la respuesta de tensi6n neuromuscular disminuyo a valores bajos o se elimino completamente. En adelante la respuesta permanecio relativamente constante o aument6 su intensidad conforme con el promedio de 0,214 jig ml" 1 de las concentraciones de plasma en estable (SEM 0,012) mantenido por la infusion. Cuando se puso fin a la infusion, la alrura media de sacudida muscular fue de 23% de control y aumento en adelante a aproximadamente 1% por min, mientras que las concentraciones de plasma disminuyeron a la mitad en 69 min. Un paciente con estenosis arterial renal presento un bloqueo neuromuscular completo a una concentraci6n de plasma en estado estable de 0,29 ng ml" 1 ; siguiendo la cesaci6n de la infusi6n, la respuesta de sacudida muscular fue detectada al cabo de 30 min (concentracion de plasma 0,20 ng ml" 1 ) y la recuperation se produjo sin novedad. Se descubri6 que la eliminaci6n de plasma y el volumen de distribution aparente del pancuronio empleado para calcular el regimen de dosificaci6n no se diferenciaban significativamente de aquellos anunciados para una sola dosis. Siguiendo la cesacion de la infusion, las concentraciones de plasma disminuyeron ya sea en forma mono o bi-exponencial, segun la relation de las constantes con valor de disposici6n hibrida (beta/alpha). En todos los casos se empleo un modelo abierto de dos compartimentos para describir el periodo de circulaci6n de las concentraciones de plasma.
